[1] This study applied the finite volume coastal ocean model (FVCOM) to the storm surge induced by Hurricane Rita along the Louisiana-Texas coast. The model was calibrated for tides and validated with observed water levels. Peak water levels were shown to be lower than expected for a landfall at high tide. For low-and high-tide landfalls, nonlinear effects due to tide-surge coupling were constructive and destructive to total storm tide, respectively, and their magnitude reached up to 70% of the tidal amplitude in the Rita application. Tide-surge interaction was further examined using a standard hurricane under idealized scenarios to evaluate the effects of various shelf geometries, tides, and landfall timings (relative to tide). Nonlinearity was important between landfall position and locations within 2.5 × radius of maximum winds. On an idealized wide continental shelf, nonlinear effects reached up to 80% of the tidal amplitude with an S2 tide and up to 47% with a K1 tide. Increasing average depths by 4 m reduced nonlinear effects to 41% of the tidal amplitude; increasing the slope by a factor of 3 produced nonlinearities of just 26% of tide (both with a K1 tide). The nonlinear effect was greatest for landfalls at low tide, followed by landfalls at high tide and then by landfalls at midebb or midflood.
Introduction
[2] A storm surge is an abnormal rise of sea surface height caused by atmospheric forcing, including the wind stress and atmospheric pressure at sea surface associated with extratropical cyclones and hurricanes or typhoons. "Storm tide" refers to the total water level including the effects of astronomical tide and surge. Storm surges have potentially devastating effects. In Bangladesh, hurricane-induced surges killed 250,000 people in November 1970 [Flather, 2001] . Hurricane Katrina's storm surge of August 2005 exceeded 9 m in several locations along the Mississippi coastline and became the costliest hurricane to ever strike the United States. It resulted in the death of over 1000 people in Louisiana and 200 in Mississippi [Blake et al., 2006] .
[3] We applied the finite volume coastal ocean model (FVCOM [Chen et al., 2003] ) to Hurricane Rita's storm tide of September 2005 and determined the flooding along the Louisiana-Texas coast in the northern Gulf of Mexico (GoM). The model was calibrated for tides and validated using water level data from USGS and NOAA. We sought to explain why peak surges were lower than linear superposition by examining the nonlinear terms in the governing equations. In addition, we conducted numerical experiments with a standard hurricane over idealized shelf geometries, by implementing simple tides and by varying the time of landfall in a set of simulations. Although there have been many storm surge studies in the literature, most of them did not consider the effect of tide on storm surge. These studies tend to fall into one of these categories: (1) disregarding tide altogether and resolving storm surge only [e.g., Peng et al., 2004; Weisberg and Zheng, 2006a] , (2) linearly superimposing storm surge and astronomical tide [e.g., Graber et al., 2006] , (3) either category 1 or 2 while acknowledging that the nonlinearity of surge and tide might be significant [e.g., Bobanović et al., 2006; URS Group, 2006] , and (4) running tide and surge simultaneously [e.g., Peng et al., 2006b] . The studies in the last category, however, were often done without considering the details of nonlinear tidesurge interaction, a subject that we address in this study. Our results also provide new insight into how tidal speed and timing of landfall affect tropical storm surges for different shelf geometries.
Background Information

Importance of Wind and Shelf Geometry
[4] Wind stress is the dominant factor that generates the hurricane-induced storm surge in coastal seas [Jelesnianski, 1966; Kohno et al., 2007] . Many numerical studies on storm surges neglect the atmospheric pressure term [e.g., Johns et al., 1985; Jones and Davies, 2007] . Since in the governing equations the wind stress term is divided by the total depth whereas the pressure gradient force is not, it follows that wind forcing is more important in shallower water [Flather, 2001] .
[5] Under ideal and steady state conditions in deep water, the net transport of water by the wind occurs at a 90°angle to the right of the wind vector (northern hemisphere), and the alongshore component of wind stress causes a storm surge if the coast is to the right of the wind: the "bathystrophic storm tides" [Gill, 1982] or "Ekman setup" [Shen and Gong, 2009] . The across-shore component of wind stress becomes more important as water depth decreases, since the bottom stress diminishes the Coriolis tendency for transport to be to the right of the wind [Weisberg and Zheng, 2006b] .
[6] In addition to the effect of wind stress, shelf geometry also has a significant impact on storm surge formation. Peak surges created by a given hurricane over wide continental shelves can be up to three times greater than those created over narrow shelves [Jelesnianski, 1972] . The importance of shelf bathymetry to coastal surges can be illustrated with a simple linear, steady state expression for the sea surface slope in equilibrium with a constant wind field [Pugh, 1987] : h ∝ LCW 2 /H, where h is the surge height at the coast, L is the shelf width, H is the average depth, W is the wind speed and C combines gravity, density and drag. Wind fields are rarely constant and such equilibrium is unlikely to be accurate, but this expression can be used to demonstrate that wind is more effective in raising the sea surface in shallow waters [e.g., Resio and Westerink, 2008] .
Tide-Surge Interaction
[7] The effect of tide-surge interaction on extratropical surges affecting Europe due to nonlinear processes in shallow water regions has been known for some time (see reviews by Heaps [1983] and Wolf [2009] ). Recently, Davies [2007, 2008] showed that tide-surge interaction significantly modified water elevations and currents at the time of the surge in the shallow regions of the Irish Sea.
[8] A tendency for extratropical storm surge maxima in the River Thames to occur most frequently on the rising tide was recognized, and theoretical solutions for the propagation of an externally forced tide and surge into an estuary of uniform section were developed by Proudman [1955 Proudman [ , 1957 . However, the results did not agree with observations except in the immediate vicinity of the open boundary. Rossiter [1961] suggested that a key mechanism of interaction between tide and surge is mutual phase alteration: a negative surge would retard tidal propagation whereas a positive surge would increase the speed of tidal propagation and thus advance the high water.
[9] Wolf [1978] considered an analytical solution of two progressive waves along a semi-infinite channel. She showed that the interaction caused by quadratic friction was the largest, followed by the shallow water terms and advection terms. Interaction contributed by bottom friction increased with decreasing water depth and was proportional to the product of surge and tide. She concluded that surge height increased at rising tide and decreased at high tide due to this interaction. Wolf [1981] used a 1-D analytical model to show that the shallow water effect became dominant over quadratic friction for tidal amplitudes in excess of 3 m and in depths of 10 m or less. Wolf [2009] demonstrated that in the southern North Sea the surge peak tended to modify the predicted high tide due to the change of propagation speed when the surge modified the total depth.
[10] In a study of storm surges on the east coast of Great Britain, Horsburgh and Wilson [2007] suggested that surge peak always avoided high water (and low water). Their analysis of large, long-duration surge events confirmed that the surge generation was reduced at high water, and that increasing the tidal range reduced the chance of surge peaks to be near high water. But surges are not freely propagating Kelvin waves, and they respond very strongly to the change of meteorological conditions. Relaxing the meteorological forcing demonstrated that decay scales were of the order of 3 h or 100 km. These scales appeared to be highly dependent on location [Horsburgh and Wilson, 2007] . This study contradicted Pugh and Vassie [1980] , who stated that there was little tide-surge interaction outside of estuaries.
[11] These results provided useful insight into the processes with tide and surge propagating together. The studies however did have some limitations such as the 1-D approximation and the exclusion of the advection terms. The North Sea studies did not include the effect of traveling weather systems, a factor absent in problems with free wave propagation [e.g., Morey et al., 2006] . Thus, investigations of tide-surge interaction during tropical storms are necessary.
[12] Johns et al.
[1985] studied tide-surge interaction for two cyclone surge events in the Bay of Bengal. Their numerical results showed larger nonlinear interaction in shallow water. The maximum elevation was 0.45 m below the expected linear superposition value. Zhang et al. [1993] showed that the greatest wind setup occurred during low and flood tides, when the nonlinear interaction strengthened the shoreward component of the current. Comparisons with observations showed that a simple linear superposition of astronomical tide with a separately computed surge might lead to errors of 1-2 m in surge prediction. Qin et al. [1994] concluded that including nonlinear tide-surge interactions in simulations considerably improved predictions of the total water level for Shanghai, especially in the vicinity of the highest total water level. Average Root Mean Square Errors for the highest storm tides were about 70% of those estimated using linear superposition.
[13] Tang et al. [1996] investigated the origin of nonlinear interaction along the Queensland coast of Australia by simulating surge and tide without advection in the momentum equations and replacing D (total depth) by H (undisturbed depth) in the pressure gradient and quadratic bottom friction terms. Having obtained surge residuals very similar to those using the complete equations, they concluded that the surge-tide interaction was mainly due to the nonlinear bottom friction. The effect of this nonlinear interaction was to always reduce the sea level below that obtained linearly (which was not consistent with Wolf [1981] or Johns et al. [1985] ).
[14] Kim et al. [2008] showed that during Typhoon Ewiniar both surge and wave setup decreased while wave heights increased at high tide (and vice versa at low water). This tendency increased with increasing tidal range.
[15] Surge-tide interactions in the Gulf of Mexico may be more complex than those in North Sea. One-dimensional considerations may be appropriate when the storm is large compared to the size of the shallow sea, but for smaller storms 2-D features become more important [Welander, 1961] . The surge in a 2-D situation may be generally smaller than that from a 1-D approximation, due to horizontal adjustments. Hurricanes are generally smaller and travel faster than extratropical storms, and 2-or even 3-D effects become more important. This is reflected in very different surge-to-tide period ratios: (T S /T T ) NorthSea = 4 and (T S /T T ) GoM ∼ 0.5 (Wolf [1978] and Rego [2009] , respectively). The present study provides a quantification of magnitude of nonlinear effects in time and space under hurricane conditions, and the determination of the effect of tide in the northern GoM.
Hurricane Rita
[16] The 2005 Atlantic Hurricane Season was exceptionally intense and Hurricane Rita made landfall near the Louisiana-Texas state border only three weeks after Hurricane Katrina had devastated the southeast Louisiana and Mississippi coastal regions. Rita intensified quickly upon entering the GoM, and attained Category 5 status and a peak sustained wind of 280 km/h within only 24 h. The recorded barometric pressure reached 897 mbar, the third lowest ever recorded for a tropical system in the Atlantic Basin at that time [Knabb et al., 2006] . Hurricane Rita weakened as it approached the north-central coast of the GoM on 23
September, and became a Category 3 hurricane approaching landfall. It veered northward and moved ashore between Sabine Pass and Johnson's Bayou, Louisiana (Figure 1 ) at about 0800 UTC, 24 September with sustained winds of 195 km/h. Rita generated a substantial storm surge east of its landfall that reached 5-6 m, then weakened rapidly as it continued northward through east Texas [Guidroz et al., 2006] . Hurricane Rita's landfall placed the western and central Louisiana coast within the right front quadrant of the storm, where maximum winds occurred. The highest high water marks (HWMs) measured by the Federal Emergency Management Agency (FEMA), ranging from 3.9 to 5.4 m, were along State Highway 82 in the area between Cameron and Grand Chenier [URS Group, 2006] . Storm surge in the open water was measured above 3 m along a distance of about 160 km from Johnson's Bayou to Marsh Island [URS Group, 2006] . Due east to Vermillion Bay, storm surges remained high and HWMs of up to 3.7 m were measured [Guidroz et al., 2006] .
Methods
Numerical Model: FVCOM
[17] We used the time-dependent, finite volume coastal ocean model (FVCOM, by Chen et al. [2003] ) to simulate storm surge. FVCOM uses a "terrain following" sigma coordinate transformation in the vertical to accommodate irregular bathymetry, and a nonoverlapping unstructured triangular grid in the horizontal to resolve dynamics in regions with complex shorelines. After the Boussinesq and hydrostatic approximations the primitive equations for momentum and mass conservation used in FVCOM are [Chen et al., 2007] :
where u, v and w are the x, y and s velocity components, respectively; f is the Coriolis parameter; D = h + h is the total water depth, where h and h are the surface elevation and reference depth below mean sea level, respectively; h a is the sea level displacement induced by the "inverse barometer effect"; g is the gravitational acceleration; r 0 and r′ are the reference and perturbation water densities, respectively; K m is the vertical eddy viscosity coefficient; F u and F v represent the horizontal momentum diffusion terms in the x and y directions, respectively.
[18] The 2nd term on the right-hand side of equations (1) and (2) represent baroclinicity which was ignored in our simulations. The surface and bottom boundary conditions for u, v and w are specified as
where (t sx , t sy ) and (t bx , t by ) are the x and y components of surface wind and bottom roughness stresses, respectively.
[19] FVCOM uses the modified Mellor and Yamada "level 2.5" turbulent closure scheme for vertical mixing [Mellor and Yamada, 1982; Galperin et al., 1988] and Smagorinsky's [1963] eddy parameterization for horizontal diffusion. Tide is forced at the open boundary by either specifying tidal constituents or elevation time series. Following the convention, the bottom stress is computed using the quadratic law
where the bottom drag coefficient, C db , is determined by matching a logarithmic bottom layer to the model at the height of the first s level above the bottom, i.e.,
where k = 0.4 is the von Kármán constant, z 0 is the bottom roughness parameter, BFRIC (typically between 0.002 and 0.004) is the minimum value for C db , and s kb−1 is the vertical level next to the bottom [Weisberg and Zheng, 2008] . The surface wind stress is
where (w x , w y ) are the x and y components of the wind speed, respectively, r a is the air density and C ds is a drag coefficient dependent on wind speed, assumed constant whenṼ W > 25 m/s [Large and Pond, 1981] .
[20] In FVCOM a viscous boundary layer (D min ) is added into the model at the bottom, to avoid the occurrence of singularity when the local water depth approaches zero and wet/dry points are redefined using a sum of D (the total depth) and D min . The grid is treated as a wet point for D > D min , otherwise it is a dry point . FVCOM is widely used in coastal ocean circulation studies forced by buoyancy, tide, atmospheric pressure gradients and winds [e.g., Chen et al., 2007; Huang et al., 2008; . Using FVCOM with flooding and drying driven by prototypical hurricane winds is a method that has been used successfully in storm surge simulations for this and other hurricane prone regions [Weisberg and Zheng, 2006a , 2008 Aoki and Isobe, 2007; Rego and Li, 2009a, 2009b] .
Grid for Hurricane Rita Simulations
[21] Our model domain extends from the Mexico-U.S. [22] Bathymetry data was a combination of the NGDC's U.S. Coastal Relief Model, the ETOPO-2 Global Relief model and LIDAR Atlas from Louisiana State University (LSU). In hurricane simulations, time steps of 0.6 and 6 s were used for the external and internal modes, respectively, and the model was run on the cluster computer of the Shell Coastal Environmental Modeling Laboratory of the School of the Coast and Environment at LSU. Forcing from the wind and tide is described in sections 3.3 and 3.4. The effects of air pressure, wave runup, and river discharge were not considered here.
Hurricane Wind Fields
[23] In a storm surge model, a common practice for creating hurricane wind fields [Tang et al., 1996; Peng et al., 2004 Peng et al., , 2006a Zheng, 2006a, 2006b ] is to reconstruct the wind field by fitting the analytical cyclone model from Holland [1980] . The radial distribution of wind relative to the storm center and maximum wind speed are:
where r is the radial distance from the hurricane center; V w is the wind speed as a function of r; r a is the air density (= 1.15 kg/m 3 ); p amb and MCP are the ambient and minimum central atmospheric pressures, respectively; e is the natural logarithm base (= 2.718…); RMW is the radius of maximum winds; V max is the maximum sustained wind speed; and B is the "peakedness" storm scale parameter, 1.0 < B < 2.5.
[24] In applying the Holland [1980] wind model, we used the gridded wind speed data from NOAA's Hurricane Research Division, the H*WIND data set [Powell et al., 1996] to determine the (time-varying) parameters in equations (9) and (10). Many past studies only used a constant B without utilizing observed data [e.g., Peng et al., 2006a; Weisberg and Zheng, 2006a] . Here we used a linear regression for B as a function of the RMW, based on the results from 4 major hurricanes making landfalls in the region and for which H*WIND data were available (Table 1) . Terms (p amb -MCP) and B were determined iteratively, using equations (9) and (10). We selected the combination of these terms that produced a wind profile with the smallest Root Mean Square Error as compared to H*WIND's profile. Using 86 pairs of data, the resulting relation (R 2 of 72%) is B = 0.0166RMW + 0.9735, where B is dimensionless and RMW is given in km. To account for the forward motion of a tropical cyclone, representing the righthand side (Northern Hemisphere) intensification of hurricane wind speeds, we used the method proposed by Jelesnianski [1966] . This correction ensured that the forward motion was realistically limited within the storm. This approach was also used in SLOSH for surge calculation [Jelesnianski et al., 1992] . The forward motion velocity vector was computed every 3 h, from H*WIND's latitude and longitude information for Hurricane Rita. When gaps in H*WIND's data exceeded 3 h, we used the positions from UNISYS (2005 hurricane/tropical data for Atlantic, available at http://weather.unisys.com/hurricane/atlantic/2005H/ index.html) to compute the forward velocities.
[25] The angle between the wind direction and the tangent to a circle concentric with the hurricane center due to friction (the "inflow angle") also contributed to the wind field asymmetry. Using constant values for the inflow angle, Johns et al. [1985] concluded that it had a negligible effect on coastal storm surge, whereas Peng et al. [2006b] concluded the opposite. Here, we set this angle to a constant 10°b ased on H*WIND data specific for Hurricane Rita.
[26] In summary, with a set of X, Y, RMW, V max , and V F for each H*WIND snapshot we assigned a wind vector for every cell in the model as a function of the distance to the hurricane center. Parametric wind fields were generated for the entire model domain using H*WIND data, and interpolated into 12 min intervals (the H*WIND observations were given at 3-9 h intervals). This method produced a better fit against observed winds while allowing for the simulation of idealized scenarios (sections 4.3-4.6). This approach is similar to the "spiderweb grid" method used in Delft3D-FLOW [Deltares, 2009] .
Model Calibration for Tide
[27] To ensure that the model properly represented the characteristics of long-period wave propagation in our domain, a simulation of the tide was carried out with FVCOM. The model was run without surface wind forcing for 36 days, forced at its open boundary by 9 tidal constituents obtained from Mukai et al. [2002] . Hourly model outputs from the last 32 days were used for harmonic analysis of tidal constituents.
[28] Calibrating this application of FVCOM for tidal simulations consisted of varying the bottom friction coefficient, BFRIC (equation (7)), held constant throughout the entire domain. The bottom friction coefficient was varied between 0.0020 and 0.0050, and the best results were produced with BFRIC = 0.0040. Tidal constituent data (Table 2) were obtained from 14 long-term NOAA tidal stations, along with data from 3 WAVCIS stations (http://wavcis.csi.lsu.edu) located in areas impacted by Rita, covering east Texas to southeast Louisiana.
[29] The diurnal tide is dominant in the northern GoM, where major tidal constituents are O1, K1 (amplitudes of 0.12-0.17 m, with a minimum around southwest Louisiana) and M2 (0.03-0.15 m, with a maximum in southwest Louisiana). The largest errors occurred at Eagle Point, TX and Rainbow Bridge, TX, where FVCOM underrepresented the tide, and for Grand Isle, LA where it overestimated tidal amplitudes (Table 2) . However, these stations were located either very far from the continental shelf, inside Galveston Bay and Sabine Lake, or very far from the landfall location of Rita. Semidiurnal amplitudes were smaller, and for M2 the stations with larger errors were Sabine Pass North, TX and Calcasieu Pass, LA, both located inside coastal passes where FVCOM underestimated and overestimated observed values, respectively, by about 15%. Other semidiurnal components were not fully captured in our application, but these were smaller amplitude constituents (S2 has 0.01-0.04 m amplitude on these stations; not shown). Typical amplitude prediction errors were about 0.01 m for the most important constituents. The errors for tidal phases rarely exceeded 1 h for all constituents at all stations. In a region dominated by diurnal tides, these errors were not significant.
Model Validation for Storm Surge
[30] Observations by McGee et al. [2006] provided data for Hurricane Rita's storm tide validation (Table 3) . USGS deployed a total of 23 pressure sensors as Hurricane Rita approached, located along and near the coast ("onshore" in Table 3 ), from Sabine Pass, TX, to Abbeville, LA, covering locations about 100 m from the coast to about 45 km inland. Only 14 USGS stations were used here ( Figure 3) ; the remainders were either too far north or located on small streams not resolved in the model.
[31] Data from three NOAA/NOS and one WAVCIS stations were also used for comparison with model results. The model skill seemed degraded at these offshore stations. Here, modeled peaks were smaller (by about 50%) than observations and about 1 h and 30 min late (Table 3) . The three stations due east were far from the landfall location (350-500 km), while the station south of Galveston Bay, TX was in the left quadrant of the hurricane, where winds blowing from land were overestimated.
[32] Peak amplitude errors (model results versus USGS data) were typically ±0.2 m, where the storm tide was 3.5-4.5 m (e.g., Figure 4c ), suggesting a 5% error. The exception was station LC8a (Figure 4e ), where the model clearly overestimated the surge. This gave a 15% error. Station LC8a was located about 4 km inland from the GoM, on a "loop" of Calcasieu Pass. [33] With respect to the timing of the storm tide, coastal results typically had a ± half hour shift (e.g., Figure 4a ). Station LA9b yielded the worst comparison (not shown): the surge was estimated to arrive 3 h earlier than the data indicated (amplitude error was only 5%). This station was located near Intracoastal City, LA, about 3 km inland and near a network of channels not resolved in our grid. Inland stations did not do as well: either the peak elevations were overestimated (e.g., Figure 4f ) or the peak arrived too early (e.g., Figure 4b ), but in most stations only one of these issues was a problem. Station LA10 (Figure 4d ) did not have these problems. Overall, the modeled surge curves were similar to observed curves and FVCOM reproduced the storm tide satisfactorily in the northern GoM.
Results and Discussion
Hurricane Rita's Storm Surge and Inland Flooding
[34] The model indicated that before landfall, at 0200 UTC, 24 September 2005, there was already significant coastal (Figure 5a ). At this early stage and given the hurricane's northwestward track, the cyclonic hurricane winds blew shoreward over Vermilion Bay and initial surges were highest in the shallow water around Marsh Island (Figure 5a ). In Vermillion Bay the storm tide peaked almost 2.5 h before Hurricane Rita's landfall, and here the water levels had a relatively slow rise and fall (Figure 6e ). The observed USGS water levels for stations LF5 (Figure 4b ) and LA9 (not shown), however, suggested that the modeled inland flooding speed in this area was overestimated. This was attributed to the bottom coefficient not taking into account the effect of vegetation over wetland and flooded low-lying land (hindcast simulations of Hurricane Rita using SLOSH (Figure 6a ). In this location the local winds never really blew perpendicular to the shore; rather, they switched very quickly from easterly to westerly, causing the lower and briefer surge.
[35] The highest water levels (at about 5.35 m) did not occur where the point of maximum winds on the coastline (1 RMW due east), but rather at about 1.1 × RMW right of landfall (Figures 5b and 6b ). This can be explained by the funneling effect caused by Calcasieu Pass. The storm surge curve here was broader and the "bulge" that dominated the rising water until about 6 h prior to landfall was also present. This represented the bathystrophic surge superseded by the oncoming cross-shore winds. At about 2 × RMW due east of landfall the surge curve was similar (Figure 6c ): although the peak was considerably reduced, the bathystrophic surge peak of 2.2 m was almost the same as near the RMW. Farther east the surge peaks decreased even further (Figure 6d ). Here the shore configuration relative to the hurricane track considerably decreased the onshore component of the wind, and surges peaked at only 2.6 m (Figure 6d ).
[36] Two hours after landfall, flooding reached 30-50 km inland. At this time the highest water levels (at about 2.5 m) were still located near Calcasieu Pass, but surge spread east and west along the shore as well as over the land (Figure 6c ). At the upstream part of Calcasieu Lake the storm tide peaked at 3.6 m, 2 h after landfall (Figure 6f ). The water levels did not fall below 1.5 m for more than 30 h after landfall. The posthurricane receding stage lasted for several days. This is because (1) there was no wind reinforcement to push water back (gravity "spreading" became the restoring force) and (2) unlike the flooding stage when widespread coastal surges of above 2 m inundated everywhere over the land, receding waters only flowed through the existing narrow passes [Rego and Li, 2009b; Li et al., 2009] .
Effects on Nonlinear Tide-Surge Interaction
[37] Hurricane Rita made its landfall near high tide. To separate the storm tide into astronomical tide, surge residuals and the interaction component, simulations were run for tide-only and surge-only scenarios. As shown in Figure 6 , in which the nonlinear interaction term was computed by h I = h T + S − (h T + h S ). The calculation showed a negative interaction term (h I < 0) near the peak surge (Figures 6a-6d) . Nonlinearity decreased the peak storm tide along the shoreline east of landfall, where the storm tide was highest (Figures 6a-6d) .
[38] To test if this pattern held under a different tide, the same wind forcing was used with a landfall occurring at low tide, and with a doubled tidal amplitude. The same pattern occurred for the nonlinear effect: the nonlinear term opposed the tide by enhancing storm tide heights when the tide was near its minimum.
[39] Our results indicated that nonlinearity was significant, reaching up to 66%-75% of the tidal amplitude. Other authors previously reached similar conclusions qualitatively [Zhang et al., 1993; Horsburgh and Wilson, 2007; Wolf, 2009] . Here we have provided more in-depth quantitative analysis, as described in sections 4.5 and 4.6.
Idealized Simulations
[40] To better understand the sensitivity of surge generation to local tide and continental shelf geometry, different scenarios were examined. A standard hurricane was defined, for use in all of the simulations. The only variable for the hurricane was the landfall timing relative to the tide. The RMW was set to 40 km, consistent with a Category 3 or 4 hurricane [Hsu and Yan, 1998 ]. Its maximum sustained wind speed was set to 40 m/s, representing a mediumstrength hurricane [Resio and Westerink, 2008] . Hurricane moving speed was set to 5 m/s, the average from those in Table 1 .
[41] A typical profile representing the continental shelf of central Louisiana was defined (Table 4 ). The distance from shore to the 50 m isobath was set to 150 km and the shelf break (as measured by the 100 m isobath) 45 km further offshore. The gradient for the continental slope, from the shelf break down to the 1000 m depth, was the same for all cases (Table 4) .
[42] An idealized computational grid was developed for these profiles (Figure 2b [43] The synthetic tides had an amplitude of 0.50 m, slightly larger than the observed tide on the Louisiana-Texas shelf. The synthetic tide in the idealized experiments was diurnal, except for scenario C which had a semidiurnal tide. Scenario B had a minimum depth of 5.0 m, allowing an evaluation of the effect of deeper water over the shelf (Table 5 ). For each simulation the standard hurricane was forced to make landfall at significant tidal phases: high tide, ebb, low tide, and flood (where ebb and flood were defined based on water levels rather than currents). This set of Shelf geometry is summarized in Table 4 (representative of Louisiana's west continental shelf). The depth added immediately seaward of the shoreline (to the entire shelf, thereby maintaining the desired slopes) is also shown. Tidal amplitude was 0.5 m in all cases.
3 × 4 = 12 simulations on a simplified coast with simple tides provided insight into how shelf depth as well as tidal timing and tidal period affect hurricane-induced storm tides.
Vertical Structure of the Flow
[44] A storm surge represents a balance of vertically integrated pressure gradient force (the surface slope) with the difference of the surface and bottom stresses. The surface stress is from the wind; the bottom stress is where 2-D and 3-D models differ: in the 2-D case this is based on the depth-averaged velocity whereas in the 3-D case it is based on the near-bottom velocity. Hence, a 2-D model tends to overestimate bottom stress and underestimate surge height. This may not be problematic in hindcast because the effective bottom drag coefficient can be calibrated. However, the different drag coefficients are not physically the same and important physics may not be resolved due to compensation of errors [Weisberg and Zheng, 2008] . Our model application accounted for this by using two equally spaced sigma layers in the vertical, whereas most storm surge applications in the literature were run in 2-D. In our application FVCOM included an integrated bottom layer (matching a logarithmic layer to the model at the height of the first s level above the bottom) and the top layer was forced at the surface by wind stress.
[45] In the area of interest ( Figure 7 ) each layer had 0.5-8 m thickness; that is, velocities represented estimates at 0.25-4 m above (or below) the seabed (or water surface). Comparing scenario A (Figure 7a ) with scenario B (Figure 7b ), surface currents in the former were stronger and had larger across-shore components. The shallower scenario A led to a stronger surge asymmetry, in that surge elevations were higher to the right of the hurricane and lower to its left, as compared to a scenario only 4 m deeper.
[46] Bottom currents on the right-hand side of the hurricane were directed to the left of the surface currents, from about 90 to 180°. Here the bottom current vectors were against the surface elevation gradient. This was the bottom return current described by Welander [1961] for the "quasisteady surge with vertical circulation." Thus the bottom stress had a shoreward component, which contributed to increase the setup against shore. This 3-D effect appeared to be a counterintuitive, enhancing effect on coastal surge. This is another example that three-dimensional models are preferable over 2-D models for simulating storm surges [see also Weisberg and Zheng, 2008] .
Effects of Nonlinear Tide-Surge Interaction: Idealized Storm Tides
[47] The peak height difference between low-and hightide landfalls may serve as a first approximation for nonlinear effects: nonlinear effects were greatest for scenario C (0.38 m, Figure 8c ), followed by scenario A (0.58 m, Figure 8a ) and scenario B (0.70 m, Figure 8b ). These differences should equal the tidal range (1 m in this case) without interaction.
[48] All surge and storm tide peak curves were greater to the right of the landfall point, as expected. For scenario A, surge-only peaks reached 4.35 m at x = 0.45 × RMW and x = 0.9 × RMW, and passed 2 m in −0.3 × RMW < x < +2.6 × RMW (Figure 8a ). Note that for x < −1.5 × RMW and x > +3.8 × RMW all of the peak storm tides were above the surge-only line. This is because these storm tide maxima refer to the local high tide, which did not exist in the pure surge simulation. Indeed, the timing of peak storm tide gradually deviated from the timing of peak pure surge, approaching the time of local high tide, far from x = +RMW. Given this increase in complexity, but mostly because nonlinearity greatly decreased away from the highest surges, we focused on the −0.5 × RMW < x < +2.5 × RMW interval. (Figures 9a, 9d, 9g , and 9j), scenario B (Figures 9b, 9e , 9h, and 9k), and scenario C (Figures 9c, 9f, 9i, and 9l) . The four curves have the same meanings as in Figure 6 . All landfalls at t = 20 h. Nodes used to create Figure 9 (4 km offshore) are at different depths: 2.4 m for scenarios A and C and 6.4 m for scenario B.
This was consistent with Li [1988] , whose approximate analytical solution with both astronomical tide and a forced meteorological surge gave a greater nonlinear effect in the center of the forced wave.
[49] Figure 9 summarizes the three scenarios, for each of the four types of landfall timings, at x = +0.9 × RMW. Peak pure surge was highest (3.67 m) at 0.9 × RMW to the right of landfall. This distance, shorter than RMW in a straight coastline, was due to the nonzero inflow angle used in the hurricane wind field (resulting in strongest winds hitting land slightly west of geometric RMW). For scenario A, the effect of nonlinearity for landfalls at high or low tide was to change peak storm tide heights to about 0.30 m lower and higher, respectively, than peak pure surge (Figures 9a and  9g ). Nonlinearity reduced its maximum, between peak surge and highest/lowest tide (these are separated by about 30 min), thus the resulting storm tide curves were similar to the surgeonly curves, for rising and falling stages. The second nonlinearity peak, at the time of lowest surge, created negative storm tides with the same elevation as the pure surge (opposing the tide).
[50] For landfalls at midebb or midflood, peak storm tide heights were the same as pure surge, suggesting negligible nonlinearity. However, a linear addition of surge and tide for a landfall at midflood (Figure 9j ) produced a curve with a gentler slope before landfall and a steeper decline afterward, whereas for a landfall at midebb (Figure 9d ) linearly adding tide and surge resulted in a curve with a steeper slope ahead of landfall and a gentler decline afterward. The nonlinear effect was relevant (opposing the tide) in the ±5 h around peak storm tide, and merely altered the "shape" of storm tide curves.
[51] At 2 × RMW right of landfall (not shown), storm surge was about 70% of peak surges. Here the effect of nonlinearity for high-or low-tide hurricane landfall was to produce peak storm tides about 0.4 m lower and higher, respectively, than peak pure surge, indicating a decrease of nonlinearity as local pure surges decreased. The effect of nonlinearity for all landfall timings tested was the same for scenarios B and A, albeit with a decreased magnitude: a change in shape for ebb or flood tide landfalls and a change in peak amplitude for high-or low-tide landfalls.
[52] Scenario C yielded the greatest nonlinearities. Although peak pure surges were the same as scenario A, peak nonlinear effects at these locations were about 50% greater in scenario C. Contrary to the diurnal tide scenarios, a landfall at midebb produced a peak storm tide higher than the pure surge (Figure 9f) . For landfalls at low or midflood tides, the peak storm tides were comparable, both about 0.12 m lower than pure surge (Figures 9i and 9l) .
[53] Figure 10 shows peak magnitudes of the nonlinear effect along y = 0, averaged along 0.75 × RMW < x < 1.25 × RMW. Figure 10 presents a quick summary of nonlinear magnitudes, for the tested range of shelf average depths, tidal speed and timing of landfall. Nonlinear effects reached up to about 80% of the tidal amplitude for scenario C, about 47% for scenario A, and about 41% for scenario B (averaging high-and low-tide values). With the same broad and shallow shelf and the same peak storm surge value, 3.7 m, scenario A had a K1 tide and scenario C had an S2 tide. The latter produced much larger nonlinear effect. For all scenarios tested the nonlinear effect was greatest for landfalls at low tide, followed by landfalls at high tide (10%-30% smaller) and then by those cases with landfalls at midebb or midflood (further 30%-45% smaller).
Nonlinear Residuals in the Momentum Equations
[54] Variations in the nonlinear bottom friction terms,
, and nonlinear momentum advection (terms 2-4 in equations (1) and (2)), generate tide-surge interaction in shallow water and influence the distribution of energy between tide and surge. The change in friction and advective terms, taken as the difference between tide with surge and tide only plus surge only, reveals the nonlinear residuals in the simulations. Our work was similar to that of Tang et al. [1996] in that we evaluated the importance of the quadratic bottom friction (equation (6) [55] Here we examine in detail results at two locations, "point 1" and "point 2" (located 1 × RMW and 2 × RMW to the right of landfall, respectively) for both real and idealized geometries, and for low-and high-tide landfalls (Figure 11 ). Time series of the various terms in the y momentum equation (not shown) indicated that bottom friction and advective terms were the most significant to the right of landfall, together balancing the pressure gradient force. In the simulation for Hurricane Rita storm surge with the realistic Louisiana-Texas grid, the friction and advection terms had the same order of magnitude. In the idealized simulations, advection was about 5 times smaller than friction. This was expected. As indicated by Li [2006] and Li et al. [2008] , Figure 10 . Magnitudes of nonlinear term maxima for idealized simulations, near x = +RMW for the four different landfall timings (four different color bars). Abscissa represent different scenarios (Table 5) . For landfalls at low or high tide, only the nonlinear term during peak surge is shown. For landfalls at midebb or midflood the average magnitude of two peaks is shown. advection tends to be much larger when there is a complication of bathymetry and curvature of the coastlines. As much as 45%-70% of the nonlinearity can be from advection when such complication exists. In the along-shelf momentum balance, all terms were an order of magnitude smaller than that in the across-shelf direction.
[56] Figure 11 shows a time series of the difference in these terms for the realistic (Figures 11a and 11b ) and idealized (Figures 11c and 11d ) cases, with low-and high-tide landfalls. For the Louisiana-Texas simulations, changes in nonlinear terms show significant temporal and spatial variability. Much like in the work by Jones and Davies [2008] , nonlinear residuals peaked at about 2-4 × 10 −4 m s −2 , also with many fluctuations without a clear pattern. Because of the fast movement of the hurricane, the local wind-forced currents varied quickly, and the advective and frictional terms changed significantly in time and space. In our simulations the advection term clearly dominated over the bottom friction term, indicating a higher degree of complexity. Comparing the low-and high-tide landfall curves on each plot, they tended to "mirror" each other, but with considerable noise.
[57] Not surprisingly, time series of nonlinear residuals from the idealized cases (Figures 11c and 11d) show less variability. Bottom friction clearly dominated over advection, which was very small. Here the friction nonlinear residuals peaked at only about 2 × 10 −4 m s −2 . The effect of nonlinearities on overall storm tides (sections 4.2 and 4.5) was not that different between idealized and realistic simulations. This is attributed to the less oscillating behavior of the bottom friction residuals for the idealized scenarios as compared to the advective residuals for the realistic simulations. The Figure 11 . Changes in the y momentum of the two major nonlinear components: bottom friction reason for the tendency of low-and high-tide landfall curves to "mirror" each other is also clearer.
[58] The variability with landfall timing can be appreciated by considering the influence of changes in bottom stress produced by tide. Since the bottom stress (C d vU/D) depends on current magnitude U and total water depth D = h + h, even if h and U were constant, the influence of the stress would vary significantly as h changes rapidly nearshore. For a high-tide landfall, h increases, and so for a constant U the bottom stress decreases. In a pure surge simulation this reduces C d , leading to an increase in surge amplitude. However, in a combined tide and surge calculation, U depends on both the storm surge current and tidal current. Therefore any reduction in bottom stress due to an increase in h in a combined tide-surge simulation can be offset by an increase in U, with an associated increase in bottom stress and reduction in surge energy.
Summary
[59] An application of FVCOM to storm surge induced by Hurricane Rita in September 2005 was implemented and the resulting inland flooding along the Louisiana-Texas coast studied. The simulated storm surge was verified using the USGS measurements in coastal and inland locations. From point of landfall to approximately 3 × RMW due east, peak storm tide reached 5 m.
[60] This study showed that along the coast, the locations east of landfall would experience nonlinearities opposing the tide, reducing storm tide heights when the tide was at rising stages. These locations would experience nonlinearities enhancing the storm tide during ebbing or close to low tide. For low-or high-tide landfalls, nonlinearity effects were constructive and destructive to total storm tide, respectively. Nonlinearities were significant, reaching up to about 70% of the tidal amplitude in both cases.
[61] In the second part of this study a systematic approach was used, forcing a typical hurricane on different shelf geometries for different tides and tidal timings (relative to landfall). Compared to the case with a "standard" hurricane hitting a wide shelf with a 1 m minimum depth, increasing the minimum depth to 5 m decreased the peak pure storm surge to about 75%. The analysis of surface and bottom currents showed how the shallower scenario led to a stronger surge asymmetry (higher surge elevations to the right of the hurricane and lower to its left).
[62] When tides were included in the simulations, the nonlinear interaction was important in the region along the coastline −0.5 × RMW < x < +2.5 × RMW (with landfall at x = 0). This is where surges were higher and local peak storm tides coincided with local peak pure surges. For landfalls at midebb or midflood the main nonlinear effect was to oppose the tide in the 5 h before and after peak storm tides, generating storm tide curves with moderately different shapes but having the same peak height (as a linear superposition of surge and tide). For landfalls at high or low tide the nonlinear effect opposed the tide; that is, peak storm tide heights were lower and higher, respectively, than a linear superposition.
[63] Nonlinear effects reached up to 80% of the tidal amplitude on a wide shelf under a semidiurnal tide. This demonstrated the effect of amplification of nonlinearity over a wide shelf: the semidiurnal tide had larger nonlinear effect compared to the diurnal tide because the former had a shorter wavelength and "sensed" the shelf as being wider when the same geometry was used. With diurnal tides, nonlinear effects reached up to 47% for a wide shelf and 41% for a shelf 4 m deeper. The nonlinear effect was the greatest for landfalls at low tide, followed by landfalls at high tide and then landfalls at mid-ebb or mid-flood. Not accounting for such tide-surge interaction may result in a significant underestimation for a landfall at low tide.
[64] The variation in storm tide was produced by nonlinear effects of bottom friction and momentum advection due to the presence of the tide. Our analysis showed that the nonlinear residuals of advection dominated in the realistic simulations, while the nonlinear residuals of the quadratic bottom friction dominated in the idealized simulations (consistent with the findings by ). Because bottom friction was the most important nonlinear term, a possible variation in bottom drag coefficient would most likely influence the result. It would be desirable to allow a spatially variable drag coefficient for similar simulations to examine the impact to the results. While there were applications in which lower values were used "offshore" and higher values for shallower waters [e.g., Retana, 2008] , our study produced a good validation with an overall "high" drag value (like, e.g., Jones and Davies [2008] ), probably because our focus was on nearshore areas.
